Background: miR-21 is an anti-apoptotic microRNA, and its role in alcoholic liver disease (ALD) is unknown. Results: miR-21, increased in ALD and regulated by IL-6/Stat3, is essential for transformation, survival, and liver fibrosis. Conclusion: miR-21 plays a protective role against alcoholic hepatitis through the anti-extrinsic apoptotic pathway. Significance: Understanding the recovery function of miR-21 may have important implications for patients with ALD.
superfamily, member 6) (FASLG) and death receptor 5 (DR5) are the direct targets of miR-21. Furthermore, inhibition of miR-21 by specific Vivo-Morpholino and knock-out of IL-6 in ethanol-treated mice also increased the expression of DR5 and FASLG in vivo during alcoholic liver injury. The identification of miR-21 as an important regulator of hepatic cell survival, transformation, and remodeling in vitro, as well as its upstream modulators and downstream targets, will provide insight into the involvement of altered miRNA expression in contributing to alcoholic liver disease progression and testing novel therapeutic approaches for human alcoholic liver diseases.
Alcohol abuse in the United States contributes, either directly or indirectly, to 5% of deaths annually. Although alcohol in moderation is thought to offer beneficial effects in the cardiovascular system, chronic excessive alcohol intake confers deleterious effects on nearly all major organ systems. The liver is one of the most critical targets of alcohol-induced damage. Alcoholic liver diseases (ALDs) 4 encompass a broad spectrum of clinical features, including alcoholic fatty liver, alcoholic steatohepatitis and cirrhosis, and increased risk of hepatocellular carcinoma (1) . Although the toxic effects of alcohol likely result from complex interactions between genes and the environment, the molecular mechanisms of alcohol-induced liver damage remains undefined. Thus, a better understanding of the mechanisms regulating hepatic cell injury may lead to more effective therapeutic approaches for ALD.
Recent studies have discovered a genetic switch that regulates critical properties of hepatic cells during liver injury. This regulator, which belongs to a class of noncoding RNAs (ncRNAs) called microRNAs, is indeed a regulatory master switch that controls the hepatic cell proliferation/survival and tissue repair through its ability to switch off specific target genes by either binding to imperfect complementary sites within the 3Ј-untranslated region (UTR) of their mRNA targets or by targeting specific cleavage of homologous mRNAs (2) (3) (4) (5) (6) . miRNAs are ncRNAs recently found to down-regulate a large subset of human genes, and evidence suggests that some miRNAs have powerful cellular functions. We have seen that several miRNAs are aberrantly expressed after alcoholic liver injury (7) and partial hepatectomy (8) . Also, specific miRNAs, such as miR-34a and miR-181, regulate cell survival, migration, and remodeling properties via repression of target genes and modulation of downstream signaling pathways (9) . Therefore, we postulate that alterations in the expression of miRNAs influence cellular behaviors, such as apoptosis, survival, and remodeling by alteration of key cellular targets. In fact, aberrant expression of miRNAs, such as miR-34a, alters the cellular expression of Sirt1 and caspase-2 during ALD. However, the contribution of aberrantly expressed miRNAs to hepatic cell responses in ALD is unclear.
MicroRNA-21 is an established survival factor during liver injury and hepatocellular carcinoma development. The miR-21 gene is located on chromosome 17, close to the location of p53. The regulation of miR-21 by the transcription factor p53 suggests a potential role for miR-21 in the modulation of hepatic cell behavior during liver injury. Normally, p53 inhibits hepatic cell proliferation and stimulates cell death. However, disruption of the p53 pathway promotes liver injury. One pathway by which p53 regulates cell growth is through miRNA. Cellular stress stabilizes p53 that in turn regulates the expression of a set of miRNAs, which may control apoptosis and senescence (10 -14) . After intercrossing miR-21 Ϫ/Ϫ and Trp53 Ϫ/Ϫ mice, tissues from the Trp53 Ϫ/Ϫ miR-21 Ϫ/Ϫ mice have a higher percentage of apoptotic cells in response to genotoxic agents (15) . Although there is no miR-21-binding site in the p53 3Ј-untranslated region in either humans or mice, there are several reports demonstrating that miR-21 represses the expression of multiple genes in the p53 network (16) . Meanwhile, the overexpression of miR-21 during human liver regeneration suggests the presence of additional mechanisms by which miR-21 contributes to hepatic cell survival and regeneration (17) . Thus, we assessed the role of aberrant expression of miR-21 in hepatic cell survival during ALD by posing the following questions. (i) Is miR-21 expression altered in ethanol-exposed mice and ALD human liver tissues? (ii) Does modulation of miR-21 alter apoptosis and cell survival in vitro and in animals with ALD? (iii) What is the upstream regulator for miR-21 during ALD? (iv) What downstream targets of miR-21 are involved in ALD?
MATERIALS AND METHODS
Cells and Tissues-Normal human hepatocytes (N-Hep) and human hepatic stellate cells (HSC) were obtained from Scien-Cell Inc. (San Diego). The human hepatocellular cancer cell line, HepG2, was obtained from the American Type Culture Collection (Manassas, VA) and cultured as recommended by the supplier. All N-Heps and HSCs were purchased from ScienCell Inc. and used in the current project within five passages.
Transfections-Transfections were performed by nuclear electroporation using the Nucleofector system (Amaxa Biosystems, Koln, Germany). Fifty l of 100 nM microRNA precursor, antisense inhibitor, or controls (Ambion, Austin, TX) were added to 1 ϫ 10 6 cells suspended in 50 l of Nucleofector solution at room temperature. The sequences of the microRNA precursors and inhibitors used can be obtained from Ambion. After electroporation, transfected cells were resuspended in culture medium containing 10% fetal bovine serum (FBS) for 48 -72 h prior to study. All studies were performed in quadruplicate unless otherwise specified.
miRNA Array Hybridization and Analysis-RNA was extracted using TRIzol reagent (Invitrogen). Total RNA (5 g) was reverse-transcribed using biotin end-labeled random octamer oligonucleotide primers. Hybridization of biotin-labeled complementary DNA was done using a custom miRNA microarray chip (ncRNA Program at Center for Targeted Therapy, MD Anderson Cancer Center, Houston, TX), containing 627 probes for mature miRNA corresponding to 324 different human miRNAs spotted in quadruplicate. The images were scanned and quantitated using an Axon 4000B scanner (Molecular Devices, Sunnyvale, CA). The scanned images were quantified using GenePix 6.0 software (Molecular Devices). The data from three samples for each tissue type were further analyzed by the BRB-ArrayTools software from NCI, National Institutes of Health (Bethesda, MD). Cluster analysis was carried out using MultiExperiment Viewer software from the Institute of Genomic Research (Rockville, MD).
Real time PCR for Mature miRNA-The expression of mature miRNAs in human hepatic cell lines was analyzed by TaqMan miRNA assay (Applied Biosystems, Foster City, CA). Briefly, single-stranded cDNA was synthesized from 10 ng of total RNA in a 15-l reaction volume by using the TaqMan MicroRNA reverse transcription kit (Applied Biosystems). The reactions were incubated first at 16°C for 30 min and then at 42°C for 30 min. The reactions were inactivated by incubation at 85°C for 5 min. Each cDNA generated was amplified by quantitative PCR by using sequence-specific primers from the TaqMan microRNA Assays on a MX 3000P PCR Instrument (Stratagene, San Diego). The 20-l PCR included 10 l of 2ϫ Universal PCR Master Mix (No AmpErase uracil N-glycosylase), 2 l of each 10ϫ TaqMan MicroRNA Assay Mix, and 1.5 l of reverse transcription (RT) product. The reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The threshold cycle (C T ) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold.
SuperArray Quantitative PCR Assay and Real Time PCR Analysis-RNA was isolated from liver tissues or cell lysates using TRIzol (Invitrogen) according to the manufacturer's protocol. The RNA was subsequently cleaned using RNeasy kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. The optional on-column DNase treatment was performed. Reverse transcription was done using 1 g of RNA with RT 2 first strand kit according to the manufacturer's protocol (SABiosciences, Frederick, MD). Mouse liver tissue or normal human hepatocyte cDNA was analyzed using SuperArray plates (human apoptosis PCR array (PAHS-012ZA) or mouse apoptosis miScript miRNA PCR array (MIMM-114ZA) (SABiosciences). To validate the translational significance of these gene expression findings, mouse liver or human hepatocyte samples were analyzed using real time PCR. RT 2 quantitative PCR primer assays (SABiosciences) or TaqMan miRNA PCR assays were used. Real time PCR was performed usingRT 2 SYBR Green/ROX quantitative PCR master mix for a Stratagene Mx3005P real time PCR system according to the manufacturer's protocol (SABiosciences). ROX was used as an endogenous reference, and data were analyzed using the PCR array data analysis template (SABiosciences). The comparative C T method (⌬⌬C T ) was used for quantification of gene expression. All samples were tested in triplicate, and average values used for quantification.
Animal Experiments-For chronic intragastric alcohol administration, C57BL/6 mice (10 weeks old) were aseptically implanted with gastrostomy catheters as described (18, 19) . An increasing dose of ethanol (22.7-35 g/kg per day for mice) or control solution was infused for 4 weeks (18) . All animal experiments were performed with age-and sex-matched mice from the same littermates and performed in accordance with the approved Institutional Animal Care and Use Committee protocol, University of Southern California.
C3H/HeOu/J mice, female C57Bl/6J mice, and IL-6 knockout mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and used for ethanol (EtOH) treatments and studies with miR-21 Vivo-Morpholino (control miRNA morpholino was also utilized). All mice were used at the age of 6 weeks (weight 20 -25 g). These and the following animal studies were performed at the Animal Resource Facility, Scott & White Healthcare and Texas A&M University Health Science Center. Animals were housed in standard microisolator cages and fed standard laboratory chow (rodent diet 2918, Harlan-Teklad, Madison, WI) prior to initiation of liquid diet feeding. All animal procedures were approved by Scott & White Healthcare and Texas A&M Health Science Center Institutional Animal Care and Use Committee. To produce EtOH-induced liver injury with microRNA Vivo-Morpholino treatment, the mice were fed a control liquid diet for 2 days, then 1% (v/v) ethanol diet for 2 days, then 2, 3, and 4% (v/v) ethanol diet for 2 days, followed by 5% (v/v) ethanol diet for 4 more weeks. For microRNA Vivo-Morpholino treatment, miR-21 and control miRNA Vivo-Morpholinos were designed and obtained from Gene Tools, LLC (Philomath, OR). After 2 weeks of EtOH feeding, the mice received one intravenous injection of miR-21 Vivo-Morpholino or control miRNA Vivo-Morpholino (30 mg/kg body weight in 0.1 ml per injection) through the tail vein. After 5 weeks, mice were weighed and anesthetized. Blood was collected from the posterior vena cava. Livers were excised, and mice were then euthanized by exsanguination. Livers were weighed and portions fixed in formalin, frozen in Optimal Cutting Temperature medium (Sakura Finetek U.S.A., Torrance, CA), snap-frozen in liquid nitrogen, or stored in RNAlater (Ambion) for further analysis. Plasma was separated from whole blood and stored at Ϫ80°C.
High Frequency Ultrasound-The Visual Sonic Vevo 2100 system (Toronto, Ontario, Canada) was used for ultrasound imaging. Mice were anesthetized with 1.5-2.5% isoflurane in O 2 at 1 liter/min. Mice were maintained under continuous isoflurane anesthesia and placed on the heated Vevo mouse handling table that was mounted on the Vevo 2100 imaging station. Mouse fur was removed with a commercially available depilatory cream. Pre-warmed ultrasound coupling gel (Aquasonic 100, Parker Laboratories, Inc, Fairfield, NJ) was applied directly to the skin. Mice were scanned from the ventral body wall using either the MS250 or the MS55D real time MicroScan TM transducer and the Vevo 2100 imaging system. The livers were imaged in the parasternal long axis view, and three measurements of the portal vein area were obtained as indicated. Echohepatograph acquisition and analysis were performed by an experienced echohepatographer who was blinded to the genotype and treatment.
miRNA Array Hybridization and Analysis-RNA was extracted using the miRVANA isolation kit (Ambion). Hybridization of biotin-labeled complementary DNA was done using a custom miRNA microarray chip (ncRNA Program at Center for Targeted Therapy, MD Anderson Cancer Center, Houston, TX). The data from three samples for each cell type were further analyzed by the BRB-ArrayTools software from NCI, National Institutes of Health.
Primer Sequence for Chromatin Immunoprecipitation-Primer pairs specific for the miR-21 upstream region containing the Stat3 enhancer region were sequenced as follows: sense 5Ј-CCT CTG AGA AGA GGG GAC AA-3Ј, antisense 5Ј-ACC GCT TCC AGC AAA AGA GT-3Ј; real time PCR primer, pri-miR-21 forward, 5Ј-CAT TGT GGG TTT TGA AAA GGT TA-3Ј, and pri-miR-21 reverse, 5Ј-CCA CGA CTA GAG GCT GAC TTAGA-3Ј; Stat3 forward, 5Ј-CTG GCC TTT GGT GTT GAA AT-3Ј, and Stat3 reverse, 5Ј-AAG GCA CCC ACA GAA ACA AC-3Ј; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward, 5Ј-GTC AGT GGT GGA CCT GAC CT-3Ј, and GAPDH reverse, 5Ј-AGG GGA GAT TCA GTG TGG TG-3Ј (20, 30) .
Plasmids for Stat3-miR-21 Binding Assay-The miR-21 promoter/enhancer region was amplified by PCR from human genomic DNA using the following primers: 5Ј-TTT GGT ACC TTG CTA ATG CAT TCT-3Ј and 5Ј-TTT AGA TCT AGT TCA GCT ATG GTA AGA GC-3Ј; and inserted into the XhoI and BglII sites of pGL3-Basic (Promega). Mutations were introduced into the two Stat3 sites using the QuikChange sitedirected mutagenesis kit (Stratagene, La Jolla, CA) with the oligonucleotides 5Ј-GTT CAA ACC AGT TCT CGA GGG AAC TAG TGG TGA T-3Ј and 5Ј-GTG ATA AAT GTG GGA TCC CTG AGA AGT CAT TCA-3Ј (alterations underlined). For convenience of selection, two novel restriction sites (XhoI and BamHI, respectively) were introduced. Construction of pSUPER-siStat3, encoding siRNA targeting Stat3, and a control vector (pSUPER-scrambled) have been used. A vector, pStat-3res, encoding murine Stat3 resistant to siStat3 was generated by introducing silent mutations into the siRNA target sequence by site-directed mutagenesis. Nucleotides 823-841 of murine Stat3 cDNA were changed from 5Ј-CTT CAG ACC CGC CAA CAA A-3Ј (encoding Leu-Gln-Thr-Arg-Gln-Gln) to TTG CAA ACG CGT CAG CAG A-3Ј (altered bases underlined). For expression of miR-21 in N-Hep and HSC cells, a DNA fragment containing the precursor miR-21 sequence was amplified from human genomic DNA using the primers 5Ј-TTT GGA TCC GCC TAC CAT CGT GAC-3Ј (sense) and 5Ј-TTT AAG CTT GGA TGG TCA GAT GAA-3Ј (antisense), introducing BamHI and HindIII sites, respectively, at the 5Ј-ends. The resulting PCR product was cloned into the BglII and HindIII sites of pSUPER, yielding pSUPER-miR-21 (20) .
Western Blotting-Cells grown in 100-mm dishes were lysed, and protein content was measured using the Bradford protein assay. Equivalent amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked and incubated with the specific primary antibody overnight at 4°C, washed, and incubated with the appropriate IRDye700-and IRDye800-labeled secondary antibodies (Rockland, Gilbertsville, PA) (1:1000) for 1 h. Blots were stripped and re-probed with mouse monoclonal antibodies for ␤-actin (Sigma) (1:1000) or total Stat3 antibody (1:1000), which was used for normalization. Protein expression was visualized and quantified using the LI-COR Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln, NE).
Cell Proliferation Assay-Cell proliferation was measured using the CellTiter 96 aqueous assay kit (Promega, Madison, WI). Transfected cells (10,000/well) were plated in 96-well plates (BD Biosciences) and incubated at 37°C, and cell proliferation was assessed after 72 h as described previously (9) . Ethanol IC 50 values were calculated using XLfit software (IDBS, Burlington, MA).
Anchorage-independent Hepatic Cell Growth-N-Hep, HSC, and HepG2 cells were seeded in 96-well plates (10,000 per well) in modified DMEM with 10% FBS after miRNA transfection.
The final concentration of the bottom and top feeder layers of the agar system was 0.6% and the cell suspension layer was 0.4%. Anchorage-independent transformed cell growth was fluorometrically assayed after 7 days using Alamar Blue (BIOSOURCE), and the SpectraMax M5 multi-mode microplate Reader (Molecular Devices, Inc. Sunnyvale, CA; excitation 530/25 nm; emission 580/50 nm).
Luciferase Reporter Assay-Intact putative miR-21 recognition sequence from the 3Ј-UTR of FASLG and DR5 (pMIR-FASLG/DR5-WT-3Ј-UTR) or with random mutations (pMIR-FASLG/DR5-mut-3Ј-UTR) were cloned downstream of the firefly luciferase reporter gene. Cells were co-transfected with 1 g of pMIR-FASLG/DR5-WT or mut-3Ј-UTR construct and 1 g of pRL-TK Renilla luciferase expression construct with or without precursor miR-21 using TransIT-siQUEST transfection reagent (Mirus, Madison, WI). Luciferase assays were performed 72 h after transfection using the Dual-Luciferase Reporter Assay system (Promega, Madison, WI).
Immunohistochemistry Analysis-Lobular necrosis was evaluated in liver sections stained with hematoxylin and eosin (H&E). Liver sections were also incubated overnight at 4°C with specific antibodies (1:50), washed in phosphate-buffered saline (PBS), incubated for 20 min at room temperature with a secondary biotinylated antibody (Dako Cytomation LSAB Plus System-HRP, Glostrup, Denmark), then with Dako ABC for 20 min, and developed with 3-3Ј-diaminobenzidine (Dako Cytomation Liquid DAB Plus Substrate Chromogen System). For all immunoreactions, negative controls were included. Immunohistochemical observations were taken by BX-51 light micros-copy (Olympus, Tokyo, Japan) with a Videocam (Spot Insight; Diagnostic Instrument, Sterling Heights, MI) and processed with an image analysis system.
Chemicals and Reagents-Specific microRNA precursors and inhibitors were obtained from Ambion. Rabbit anti-FASLG, DR5, ␣-SMA, survivin polyclonal antibodies, as well as IL-6, Stat3, and control siRNA plasmids were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Statistical Analysis-Data are expressed as the means Ϯ S.E. from at least three separate experiments performed in triplicate, unless otherwise noted. The differences between groups were analyzed using a double-sided Student's t test when only two groups were present and analysis of variance when there were more than two groups, and the null hypothesis was rejected at the 0.05 level unless otherwise specified.
RESULTS

Expression of miRNAs in Mouse Liver with Alcoholic Liver
Injury-We first isolated and compared the miRNA expression profile with tissues from control mice and mice receiving intragastric EtOH feeding. Four microarray hybridization studies were performed on three different pairs of liver-derived RNA from intragastric EtOH feeding and normal mice (7) . The miRNAs differentially overexpressed in livers from EtOH-fed mice included miR-21, miR-34a, miR-882, miR-409-5p, miR-509-3p, and miR-137 ( Table 1 ). The overexpression of miR-21 and miR-34a was also seen in the liver tissues from mice administered 5% (v/v) EtOH after 5 weeks (Fig. 1, A and B) . Along with the altered ultrasound liver images (Fig. 1C ), there was a significantly increased alanine aminotransferase level and pathology score in these mice ( Table 2 ). The expression of specific microRNAs (miR-21 and miR-34a) is increased significantly, which may contribute to the pathogenesis or phenotypic behavior of alcoholic liver injury (7) . miR-21 Is Up-regulated in Hepatic Tissues and Cells after Ethanol Treatment-miR-21 is the most overexpressed miRNA during liver injury and liver cancer (21) . To determine whether miR-21 is indeed up-regulated during alcoholic liver injury, real time PCR analysis was performed in EtOH-treated liver tissues and cells. The results showed that among the six ALD mouse liver samples analyzed, miR-21 was up-regulated significantly 4-fold or more (4 -15-fold) in all samples compared with control mouse liver tissues (Fig. 1D ). In vitro, the expression of miR-21 was also increased in ethanol-treated N-Heps and HSCs with a higher apoptotic rate compared with that of controls ( Fig. 1, E and F) . The expression of miR-21 was also up-regulated in human malignant hepatocytes (HepG2) relative to that of N-Heps. These results show that miR-21 expression is increased frequently in human alcoholic liver injury.
Overexpression of miR-21 Increases Cell Survival and Transformation in Vitro-The role of miR-21 in alcoholic liver injury is unknown. Thus, we performed studies aimed at exploring the possible biological significance of aberrant miR-21 by using a precursor specific to miR-21. The efficacy of transfection as well as the expression of mature miR-21 by real time PCR in N-Heps and HepG2 cells were verified previously (21) . A significant change was seen in anchorage-independent growth after the transfections of miR-21 precursor in two out of the three cell lines tested ( Fig. 2A ). Next, we assessed cell survival after EtOH treatment in N-Hep, HSC, and HepG2 cells. In N-Hep, HSC, and HepG2 cells, transfected with anti-miR-21 inhibitors, cell survival was significantly altered compared with cells transfected with controls with different dosages and durations of EtOH treatment (Fig. 2B ). We also quantified miR-21 expression in miR-21-transfected cells before and after EtOH exposure and demonstrated that the levels of miR-21 significantly increased by ϳ1.6and 2.2-fold in N-Hep, HSC, and HepG2 cells, respectively ( Fig. 2C ). Meanwhile, relatively long term ethanol treatment (1 week, without miR-21 overexpression) induced a 2.1-and 2.5-fold increase in miR-21 expression, respectively, which is higher than that in transfected cells. The anti-apoptotic effect of miR-21 was also verified in EtOHtreated N-Hep and HSC cells by the Apo-ONE homogeneous caspase-3/7 assay ( Fig. 2D ) as well as flow cytometric analysis ( Fig. 2E ). Furthermore, dose responses in N-Heps and HSCs to ethanol treatment (1-200 mM), with and without miR-21 modulation, were also performed; IC 50 was calculated using XLfit software. The results show that N-Heps are more resistant to EtOH-induced apoptosis compared with HSCs, and miR-21 plays a more important role in regulating survival in N-Heps (Fig. 2F ). Overall these observations indicate a key role for miR-21 in the regulation of survival and transformation of human hepatic cells during alcoholic liver injury.
IL-6/Stat3 Activation of miR-21 during Alcoholic Liver Injury-Recent studies have suggested that Stat3, a transcription factor activated by IL-6, directly activates miR-21. Constitutive phosphorylation and activation of Stat3 in hepatic cells after alcoholic liver injury have been shown to be IL-6-dependent. Consistent with these observations, there was an increase in Tyr 705 -phosphorylated Stat3 (p-Stat3) in EtOH-fed mouse liver tissues and EtOH-treated N-Heps when compared with controls ( Fig. 3A ). An increase of survivin, the downstream mediator of Stat3 signaling, was also noted in the tissues and cells. We next evaluated the effect of inhibition of IL-6/Stat3 on miR-21. Silencing of IL-6 in ethanol-treated N-Hep, HSC, and HepG2 cells significantly reduced miR-21 expression, along with the reduced activity of phospho-Stat3 and overall survival rate (Fig. 3, B-D) . Furthermore, depletion of IL-6 in mice significantly enhanced EtOH-induced liver damage and morbidity (Table 2) , along with reduced activation of miR-21 and Stat3 in vivo (Fig. 3, E and F) . Stat3 has several well characterized targets that inhibit apoptosis and modulate survival, such as survivin, Bcl-X L , and Mcl-1. Of these, survivin expression can predict prognosis in human liver injury, and Mcl-1 expression can modulate responses to ethanol. Consistent with a role for Stat3 in mediating the survival effects of IL-6 in liver injury, the expression of both survivin and Mcl-1 was decreased in IL-6 knock-out mice liver treated with EtOH in a Stat3-dependent manner (Fig. 3G ). Gene expression relative to GAPDH was plotted as the Volcano Plots, depicting the relative expression levels (log10) for selected genes in EtOH versus control panels (left). The relative expression levels and p values for each gene in the related samples were also plotted against each other in the scatter plot (right). miR-21 and miR-34a are the greatest up-regulated genes among the microRNAs involved in apoptotic signaling pathways in EtOH mice liver. B, miRNA was isolated from normal or EtOH mouse liver. Three clusters were generated using MultiExperiment Viewer software from the Institute of Genomic Research (Rockville, MD). Cluster 1 is composed of a group of miRNAs that were overexpressed after long term alcohol exposure; cluster 2 is composed of miRNAs that were not significantly altered after ethanol exposure; and cluster 3 is composed of miRNAs that were decreased in expression. The expression of a selected miRNA from each cluster (miR-21 and miR-34a from cluster 1, miR-96 from cluster 2, and miR-181b from cluster 3) was assessed using TaqMan real time PCR assay. Results represent the mean Ϯ S.E. of miRNA expression from four separate determinations. C, mouse liver imaging using high resolution ultrasound in EtOH-treated mice livers with control (top panel). Severe steatosis could be seen by a marked increase in hepatic echogenicity with nonvisualization of hepatic vessels and bile ducts. H&E staining of the same mouse liver sections is also displayed (bottom panel, ϫ40). D, miR-21 is increased in ALD mice liver. Total RNA was isolated from control mouse liver (C) or ALD mouse liver (A). Real time PCR analysis was performed, and the ratio of miR-21 to U6 small RNA expression in ALD liver samples was determined. The PCR products were verified by 1.8% agarose gel electrophoresis. OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40
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Transcriptional Regulation of miR-21 by IL-6/Stat3 Signaling-To elucidate whether IL-6/Stat3 is involved in the regulation of the miR-21 gene expression during alcoholic liver injury, we used phylogenetic footprinting to analyze the genomic distribution of potential Stat3-binding sites and their correlation with the miR-21 gene. The putative regulatory region of the miR-21 gene at chromosome 17q23.2 is located within an intron of the overlapping vacuole membrane protein (VMP1) gene, and it contains two consensus Stat3-binding sites ϳ800 bp upstream of the transcription start site ( Fig. 4A and supplemental File 1). VMP1 is a stress-induced protein that, when overexpressed, promotes formation of intracellular vacuoles followed by cell death. It is evident from these data that the Stat3 sites and the surrounding region, spanning 2,000 bp, are highly conserved in human, mouse, and rat ( Fig. 4A and supplemental File 1).
Our chromatin immunoprecipitation (ChIP) studies revealed that Stat3 is recruited to the miR-21 upstream region in N-Heps in response to IL-6 ( Fig. 4B ). Furthermore, transcriptional regulation of miR-21 by IL-6 through the putative Stat3 enhancer region was confirmed by a luciferase reporter assay (Fig. 4C) . IL-6-dependent miR-21 promoter activity was abolished when the Stat3-binding sites were eliminated by site-directed mutagenesis. Meanwhile, knocking down IL-6 by RNA interference inhibited miR-21 promoter activity. These data demonstrate that the transcriptional regulation of miR-21 by IL-6 is through functional Stat3 binding at the 5Ј-promoter region.
miR-21 Gene Transcription Is Controlled by Ethanol and Requires Stat3-The human microRNA-21 gene is located on the plus strand of chromosome 17q23.2 (55,273,409 -55,273,480) within a coding gene vacuole membrane protein (VMP1 as introduced in this study). Despite being located in the intronic regions of a coding gene in the direction of transcription, miR-21 has its own promoter regions and forms an ϳ3433-nucleotide-long primary transcript of miR-21 (named pri-miR-21), which is independently transcribed. The stemloop precursor of miR-21 (named pre-miR-21) resides between nucleotides 2445 and 2516 of pri-miR-21. pri-miR-21 is cut by the endonuclease Drosha in the nucleus to produce pre-miR-21, which is exported into the cytosol. To verify that ethanol induces the transcription of the miR-21 gene, pri-miR-21 was quantified by real time PCR in N-Hep and HSC cells. Ethanol increased pri-miR-21 expression significantly in each cell line (Fig. 4D ). Upon Stat3 knockdown, the comparable reductions of Stat3 mRNA and pri-miR-21 levels were observed (Fig. 4E) , demonstrating that EtOH-induced miR-21 expression is Stat3dependent. Induction of miR-21 expression by ethanol is not restricted to hepatocytes, as observed in human hepatic stellate cells as well. Our data demonstrate that miR-21 gene transcription is controlled by ethanol and requires Stat3. In contrast to the rapid induction of pri-miR-21, mature miR-21 levels increased slowly in N-Hep cells, eventually reaching a 2.3-fold increase (Fig. 4F) . The same was observed in HSCs, indicating a rather slow processing rate of pri-miR-21.
Identification of FASLG and DR5 as Targets for miR-21-Because miRNAs target mRNA stability and translation, we used a mouse apoptosis PCR array to identify specific target protein levels of miR-21 in pre-miR-21-treated N-Heps. Because the aim of our study was to correlate miR-21 with target transcript expression, we used a cutoff of at least 4-fold difference in our expression analysis. Six genes were initially selected according to this strategy and further screened based on 3Ј-UTR sequence analysis and prediction algorithms; only two proteins can be potentially targeted by miR-21 ( Fig. 5A) . Interestingly, the target prediction program Sanger miRBase database indicated the presence of a highly conserved binding site for miR-21 in the 3Ј-UTR region of FASLG and DR5, the well characterized regulator genes of apoptosis in liver biology. After 1 week of EtOH treatment, FASLG and DR5 were significantly down-regulated in surviving N-Heps and HSCs and were also silenced in HepG2 cells related to normal controls (Fig. 5B ). To verify that FASLG and DR5 are bona fide targets of translational regulation by miR-21 in hepatocytes, we performed studies using luciferase reporter constructs containing the miR-21 recognition sequence from the 3Ј-UTR of FASLG and DR5 inserted downstream of the luciferase gene (Fig. 5C ). Transfection with the miR-21 precursor decreased reporter activities of both FASLG and DR5 in normal human hepatocytes. However, when these studies were repeated with reporter constructs that contained random mutations in the recognition sequence, the effects of reporter deactivation by the miR-21 precursor were abolished (Fig. 5, D and E) . Moreover, an increase in FASLG and DR5 expression occurred after 3 days in normal human hepatocytes and hepatic stellate cells incubated with an anti-miR-21 inhibitor. Concomitant with enhanced DR5 expression, there was a significant increase in survivin expression, a confirmed downstream mediator of DR5 signaling (Fig. 5F) . In contrast, transfection with an inhibitor to miR-122a, which modulates cell survival in hepatic cells, did not alter the expression of FASLG and DR5 with a relative expression of 0.9 Ϯ 0.3-and 1.3 Ϯ 0.4-fold of controls, respectively. Taken together, these findings indicate that FASLG and DR5 are biologically relevant targets of miR-21 in hepatic cells.
Regulation of FASLG/DR5 Expression by IL-6 and miR-21 in Vivo during Alcoholic Liver Injury-The cell death and tissue repair process involves a series of death receptor signaling pathways. Alterations of the IL-6/Stat3 have been linked to decreased expression of death receptors and cellular apoptosis. Therefore, we examined the expression of FASLG/DR5 FIGURE 2. Overexpression of miR-21 increases hepatic cell transformation, survival, and apoptosis. A, hepatic cells were transfected with pre-miR-21 (f) or with control precursor (Ⅺ). Cells were plated in agar wells in 96-well plates, and anchorage-independent growth was assessed fluorometrically after 7 days. The pre-miR-21 increased anchorage-independent growth in all three hepatic cell lines tested (pre-miR-21 versus Con-miRNA, N-Hep, p ϭ 0.042; HepG2, p ϭ 0.038). B, hepatic cells were transfected with anti-miR-21 or control miRNA inhibitors, and cell survival against ethanol treatment (100 mM, 72 h) was assessed using a viable cell assay, and the survival index was assessed after 72 h. Anti-miR-21 significantly decreased survival rate in all three hepatic cell lines tested. C, miR-21 expression was assessed by real time PCR in hepatic cells transfected with either control or miR-21 precursors with or without EtOH treatment (100 mM, 72 h). The ability of these constructs and EtOH to modulate miR-21 expression was verified in N-Hep and HSC cells. OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40
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involved in cell apoptosis in normal and EtOH-exposed mouse liver tissues with or without IL-6 depletion/miR-21 inhibition. Compared with control liver tissue, the expression of FASLG/ DR5 increased in IL-6 knock-out mice liver with ethanol exposure (Fig. 6, A and B) . Enhanced expression of FASLG and DR5 was also associated with the morbidity of IL-6 knock-out mice with ethanol exposure, which was 40% higher than the EtOH control group (n ϭ 5). To confirm the functional effect and relevance of miR-21-dependent modulation of FASLG and DR5 expression in vivo, we assessed the effect of inhibition of miR-21 by specific Vivo-Morpholino on FASLG and DR5 expression in ethanol-exposed mouse liver. The silencing effects on miR-21 by specific Vivo-Morpholino were verified in liver tissues by TaqMan real time PCR analysis (Fig. 6C ). Treatment of EtOH-exposed mice with miR-21 Vivo-Morpholino increased hepatic FASLG and DR5 expression ( Fig. 6, D and E) . Furthermore, the serum alanine aminotransferase level was significantly increased after miR-21 inhibition, along with enhanced ␣-smooth muscle actin and Sirius red staining in ethanol-exposed mouse liver sections (Fig. 6, F and G) . These findings link miR-21 with putative mediators of tissue injury in EtOH-exposed mice and suggest that deregulated expression of miR-21 contributes to liver reconstruction and fibrosis during alcoholic liver injury.
DISCUSSION
In this study, we described the role of altered expression of miR-21 by IL-6/Stat3 in the contribution to cellular phenotypic changes that are associated with ALD progression. We have shown that miR-21 is increased in mouse livers with ALD after the activation of IL-6/Stat3 signaling in vivo, and it is overexpressed in ethanol-treated hepatic cell lines compared with controls. We demonstrated that IL-6 contributes to alcoholic liver injury and tissue repairing through miR-21 by modulating cell proliferation, apoptosis, and survival. Some of these effects are mediated through DR5 and FASLG, the well characterized regulator genes of apoptosis that are also involved in ALD. Increased expression of miR-21 was shown by in situ hybridization during liver regeneration, and a similar role for miR-21 has been postulated in cardiovascular injury (17, 22) . The concomitant miR-21-dependent activation of survival genes such as survivin in hepatic cells can facilitate tissue recovery. These findings taken together support a functional role for miR-21 in promoting liver tissue repair and against liver fibrosis during the development of ALD.
miRNA-mediated mechanisms are being increasingly implicated in liver injury. Dysregulation of miR-21 can occur as a result of altered IL-6 expression. Likewise, ectopic expression of miR-21 decreases the expression of genes regulated by IL-6 such as cyclin D1, cyclin E1, and RhoB (17, 23) . These and other studies (24) support the concept of a cell cycle regulation role for miR-21. miR-21 may mediate an anti-apoptotic response through additive and synergistic effects induced by IL-6. Tissues with low expression of miR-21 lack pro-apoptotic stimulus and acquire the capability to proliferate and grow. Variable expression of miR-21 has been described in different organ systems and diseases states (25) . Indeed, in normal and malignant hepatocytes, miR-21 was shown to be a potent contributor of cell proliferation, but miR-21 induction is not sufficient to regulate cell cycle progression during liver regeneration, particularly in ethanol-fed rats (26) . These diverse observations neces- B, N-Heps were deprived of IL-6 for 72 h or restimulated with IL-6 (50 ng/ml) for 30 min and subjected to a chromatin immunoprecipitation (ChIP) assay using anti-Stat3 or IgG isotype control. Co-immunoprecipitated DNA was amplified by PCR with primers specific for the miR-21 upstream enhancer. Representative images from four independent experiments are shown. C, dual-luciferase reporter gene assays were performed in N-Heps transfected either with a Fluc luciferase vector driven by the miR-21 promoter/enhancer alone (Ϫ), in the presence of a vector encoding a small hairpin RNA silencing Stat3 expression (siStat3), or with a miR-21 promoter/enhancer construct containing point mutations in both Stat3 sites (⌬Stat3). The light gray bar represents control, and the dark gray bar represents IL-6-treated group. Values represent the mean Fluc/Rluc luciferase activities Ϯ S.E. of four independent experiments relative to samples from unmanipulated IL-6-treated N-Heps. D, N-Heps and HSCs were either restimulated with IL-6 for the times indicated after cytokine withdrawal for 72 and 12 h, respectively, or continuously cultured with IL-6. Levels of pri-miR-21 were determined by real time PCR assay. Values obtained for cells deprived of IL-6 were set to 1. E, N-Heps and HSCs cultured in the presence of IL-6 were transiently transfected with an expression plasmid for GFP-tagged si-Stat3 or siRNA control. After 48 h, green fluorescent cells were sorted, and Stat3 and pri-miR-21 transcript levels were determined by real time PCR. RNA levels were normalized to GAPDH. Values for the control samples were taken as reference. F, in N-Heps and HSCs, mature miR-21 was quantified by TaqMan real time PCR assay. miR-21 levels were normalized to U6 RNA. sitate a clear definition of tissue injury-specific expression and function of miR-21 expression. It is likely that targeted therapeutic approaches involving miR-21 may result from defining tissue-and disease state-specific roles of miR-21.
IL-6/Stat3 controls the expression of a number of antiapoptotic proteins at the transcriptional level, including survivin, Bcl-2, and Mcl-1 (27, 28) , thereby providing an important fasttrack survival signal for hepatic cells during liver injury. IL-6/ Stat3-deficient mice are more susceptible to ethanol-induced hepatic steatosis (29) . However, some data suggest that this regulatory route does not sufficiently explain the full antiapoptotic potential of Stat3 (30, 31) . We have shown that miR-21 induction by Stat3 represents a rather slowly acting yet longlasting survival stimulus, which appears as an ideal complementation of the immediate induction of antiapoptotic proteins after alcoholic liver injury. Overexpression of miR-21 has been described in several liver injury and regeneration experiments (17, 32) , most of which contain constitutively activated Stat3 or even rely on Stat3 with respect to cell survival or growth. Overall, our observations strongly suggest pivotal relevance of miR-21 for the survival/regeneration potential of Stat3 and its involvement in the pathogenesis of alcoholic liver diseases and other related liver disorders.
Members of the TNF family are involved in the pathogenesis of liver diseases. Serum FASLG levels were significantly higher in patients with any form of hepatic fibrosis compared with those without it, and increasing FASLG was a significant predictor of hepatic fibrosis (33) . The receptor/ligand pair Fas (CD95)/FASLG (CD95L) regulates the apoptosis of hepatocytes in viral hepatitis and alcoholic liver injury. Actually, Fas/ FASLG is strongly overexpressed in hepatocytes in liver specimens from rats treated with an ethanol and high fat diet as well as nonalcoholic steatohepatitis patients, indicating that high Fas/FASLG activity is involved in apoptosis of hepatocytes in NASH (34, 35) . Although hepatocytes are constitutively susceptible to FASLG-mediated apoptosis, the expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) does not result in apoptosis of hepatocytes in healthy D and E, luciferase reporter constructs containing the miR-21 recognition sequence from the 3Ј-UTR of FASLG and DR5 inserted downstream of the luciferase gene were generated. pMIR-FASLG-WT-luc or pMIR-DR5-WT-luc contains the intact sequence, whereas pMIR-FASLG-mut-luc or pMIR-DR5mut-luc contains the sequence with random nucleotide changes. Reporter constructs were co-transfected with either miR-21 precursor or control precursor in normal human hepatocytes. The expression of firefly luciferase activity was normalized to that of Renilla luciferase activity for each sample. livers (36, 37) . Indeed, TRAIL-mediated apoptosis of hepatocytes needs to be triggered through viral infection, and overexpression of TRAIL enables the organism to selectively eliminate virally infected hepatocytes (38) . Lack of hepatocyte-specific NF-B activation through deletion of NEMO (NEMO ⌬hepa ) in mice leads to steatohepatitis, cirrhosis, and hepatocellular carcinoma (39, 40) , along with the high expression of the TRAIL receptor DR5 (41) . Moreover, bile acids up-regulate DR5 expression (42) , and the essential contribution of FASLG in ethanol-induced liver injury has been demonstrated (43), indicating that FASLG and DR5 are the important mediators of chronic liver diseases, including alcoholic liver injury.
Our findings identify a previously unrecognized mechanism for direct regulation of FASLG and DR5, involving ncRNA in ALD. The abusive consumption of alcohol can cause serious cellular injuries that often lead to apoptosis and cell death. Aberrant IL-6/Stat3 signaling has been implicated in many human diseases, including ALDs. Recent developments indicate that ethanol induces alterations of the IL-6/Stat3 signaling pathway, particularly on enhanced expression of Stat3-mediated anti-apoptotic pathways. This has opened up a new area of interest in ethanol research and is providing novel insight into actions of ethanol at the nucleosomal level in relation to gene expression, pathophysiological consequences, and injury recovery/liver regeneration. Although IL-6/Stat3 signaling has been tightly linked to liver injuries and disease outcome in many hepatic disorders, including human ALDs, its application to ethanol-dependent ncRNA expression is novel. A better understanding of how ethanol interacts with specific cytokines to contribute to aberrant ncRNA expression will clearly advance the field and increase our understanding of the mechanisms involved in the development of ALDs. Genomic scanning approaches to identify transcriptional/translational factors and their modified targets in ALD are lacking, but such strategies could identify other novel targets that could be genetically or epigenetically modified in ALD.
With chronic alcohol abuse, early and reversible liver damage occurs in the form of fatty liver long before the onset of FIGURE 6. Regulation of FASLG and DR5 by miR-21 Vivo-Morpholino and IL-6 knock-out in EtOH-exposed mice liver. A, steatohepatitis is induced by 5 weeks of ethanol feeding in mouse liver and enhanced by IL-6 knock-out. Liver histology of a regular feeding control mouse and EtOH mice with or without IL-6 knock-out is displayed. For hematoxylin and eosin (H&E) staining, enhanced expression of FASLG and DR5 was seen in EtOH mouse livers.
Original magnifications, ϫ200. B, liver tissue homogenates were obtained from control and IL-6 knock-out mice. Increases of miR-21 target proteins FASLG and DR5, along with the reduction of IL-6 and phospho-Stat3, were verified by Western blot analysis. Representative immunoblots are shown on the left panel along with quantitative data that show the mean Ϯ S.E. from four separate blots of independent experiments on the right panel. C, expression of miR-21 was assessed by TaqMan real time PCR assay in normal liver and EtOH-exposed mouse liver tissues with control or miR-21 Vivo-Morpholino treatment (time and dose). miR-21 was significantly reduced after specific Vivo-Morpholino treatment in vivo. D, liver tissue homogenates were obtained from control and miR-21 Vivo-Morpholino-treated mice. Increases of miR-21 target proteins FASLG, DR5, and PTEN were confirmed by Western blot analysis. Representative immunoblots are shown on the left panel along with quantitative data that show the mean Ϯ S.E. from four separate blots of independent experiments on the right panel. E, liver histology of the regular feeding control mouse and EtOH mouse with miR-21 or control Vivo-Morpholino treatment is displayed. Enhanced expression of FASLG and DR5 was seen in EtOH mouse livers after miR-21 Vivo-Morpholino treatment (E). Original magnifications ϫ200. F and G, percentages of positive cells stained with fibrotic marker ␣-smooth muscle actin and Sirius red were counted in miR-21 Vivo-Morpholino-treated mouse livers relative to controls after EtOH exposure. Anti-miR-21 treatment in vivo significantly increased the intensity of liver fibrosis confirmed by enhanced ␣-SMA and Sirius red expression (n ϭ 3). *, p Ͻ 0.05 relative to WT controls or Morpholino-controls. #, p Ͻ 0.05 relative to EtOH controls. clinically symptomatic and irreversible form of hepatitis and cirrhosis. Currently, the mechanisms and regulation of ALDs are poorly understood, and the ALD-associated putative biomarkers and regulatory molecules remain tenuous and unproven. In this study we characterized the role of dysregulated miR-21 in ethanol-induced altered extrinsic apoptotic signaling and its progression to ALD. The data presented here may have direct application to the future translational research for an improved diagnosis and treatment of ALD patients.
